The global carbon cycle is strongly perturbed by fossil fuel burning leading to atmospheric CO 2 increase. Climatic warming followed by polar ice melting and global sea level rise are predicted due to the greenhouse effect of increasing CO 2 in the atmosphere (Houghton et al. 1995) . The ocean plays a major role in neutralizing the excess CO 2 because the amount of inorganic carbon available for exchange with the atmosphere in the ocean is approximately 50−60 times larger than in the atmosphere (e.g., Siegenthaler and Sarmiento 1993) . The bulk of the atmospheric CO 2 excess will eventually be neutralized by CaCO 3 dissolution in the deep marine environment. This is, however, is a relatively slow process that operates on the time scale of ocean circulation (1000 yrs) and is therefore causing an accumulation of CO 2 in the atmosphere. This phenomenon will result in potentially severe consequences to the well being of global ecological systems. Obviously the scientific attention of many biogeochemists is focused on processes controlling the response of the marine system to changes in atmospheric CO 2 concentrations (e.g., Archer and Maier-Reimer 1994; Broecker 1997; Sigman and Boyle 2000; Berger 2002 ).
INTRODUCTION
The global carbon cycle is strongly perturbed by fossil fuel burning leading to atmospheric CO 2 increase. Climatic warming followed by polar ice melting and global sea level rise are predicted due to the greenhouse effect of increasing CO 2 in the atmosphere (Houghton et al. 1995) . The ocean plays a major role in neutralizing the excess CO 2 because the amount of inorganic carbon available for exchange with the atmosphere in the ocean is approximately 50−60 times larger than in the atmosphere (e.g., Siegenthaler and Sarmiento 1993) . The bulk of the atmospheric CO 2 excess will eventually be neutralized by CaCO 3 dissolution in the deep marine environment. This is, however, is a relatively slow process that operates on the time scale of ocean circulation (1000 yrs) and is therefore causing an accumulation of CO 2 in the atmosphere. This phenomenon will result in potentially severe consequences to the well being of global ecological systems. Obviously the scientific attention of many biogeochemists is focused on processes controlling the response of the marine system to changes in atmospheric CO 2 concentrations (e.g., Archer and Maier-Reimer 1994; Broecker 1997; Sigman and Boyle 2000; Berger 2002 ).
Foraminifera, corals, and coccolithophores in the global carbon cycle
There are four dominant processes involved in neutralizing the excess atmospheric CO 2 in the ocean. These are: 1) gas exchange at the air-sea interface and reaction with the carbonate ion to form bicarbonate, 2) net primary productivity, 3) CaCO 3 production and dissolution and 4) ocean circulation. Most of these processes are biologically mediated and may have special importance in shallow tropical environments where the exchange with the atmosphere is more direct. In this review we address the mechanism of biomineralization in one of the major groups that precipitates CaCO 3 in the ocean-the foraminifera. As we will show, this group plays an important role in the oceanic carbon cycle as a potential atmospheric CO 2 modifier.
Marine photosynthesis and organic matter oxidation are closely linked to calcification and dissolution to control the pH of the oceans, and to a large extent, the atmospheric CO 2 levels. The general reactions are given by: There is a clear spatial decoupling between the forward reactions, which are limited to the upper ocean (mainly in the photic zone), and the backward reactions, which occur primarily on the ocean floor. To be more precise, most of the organic matter oxidation 5 5 occurs in surface water but CaCO 3 dissolution occurs mainly in the deeper water and on the ocean floor. The calcification process in today's ocean is almost entirely biogenic and in the absence of photosynthesis, it releases CO 2 to the atmosphere (Reaction 1a). Calcification occurs mainly in surface water, and gravitation removes the calcite shells rapidly to the sea floor. The CO 2 released will eventually be re-absorbed after dissolution of CaCO 3 on the sea floor and upwelling of the deep water to the surface. The time scale of this process, however, is on the order of 1000 years (Broecker and Peng 1982) . If the calcification rates in the surface ocean were reduced, less CO 2 will be emitted to the atmosphere, the surface ocean alkalinity will increase, and more CO 2 will be absorbed from the atmosphere.
Reactions (1a,b) suggest that calcification and photosynthesis enhance each other, while CaCO 3 dissolution is closely linked to organic matter oxidation (i.e., respiration). It is therefore not surprising (although poorly understood) that the major calcifiers in the ocean; the algae, foraminifera, corals and even some mollusks, have a direct association with photosynthesis. Calcareous algae (mainly the open water unicellular coccolithophores) photosynthesize by their very nature as algae, while hermatypic corals and many planktonic and benthic foraminifera have photosynthetic symbiotic algae (Lee and Anderson 1991) . Despite the fact that the ocean's surface waters are supersaturated with respect to calcite and aragonite (the two dominating CaCO 3 phases in the ocean), chemical precipitation is very rare in the open ocean due to kinetic barriers (Morse and MacKenzie 1990) . Marine biogenic calcification and its connection to photosynthesis are therefore two of the most important processes in the global carbon cycle, but least understood scientifically. Much effort has been invested during the last years in studying calcification processes in coccolithophores (e.g., Westbroek et al. 1989; Holligan et al. 1993) , however, the net effect of these organisms as calcifiers in the global carbon cycle may be reduced because they photosynthesize and calcify at roughly the same rate (Sikes and Wilbur 1982) . Hermatypic corals form coral reefs, and these magnificent coastal ecosystems have important geochemical roles in marine calcification. However, quantitatively their role is much smaller than that of foraminifera as shown below.
Recently Schiebel (2002) estimated the contribution of planktonic foraminifera to the global carbon budget to be 0.36-0.88 Gt CaCO 3 yr −1 . This is roughly 32-80% of the CaCO 3 deposited in the deep ocean. The rate of Ca supply to the oceans by rivers is 1.3×10
19 µmole yr −1 (Broecker and Peng 1982) . To keep a constant Ca concentration in the ocean this quantity (which equals 0.16 Gt C yr −1 must be deposited as net CaCO 3 accumulation in oceanic sediments. Based upon calculations made by Smith (1978) and Milliman (1993) , the shallow tropical shelves, including coral reefs, precipitate roughly 40 to 50% of the Ca supply as CaCO 3 . This suggests a maximum net accumulation for pelagic CaCO 3 of 0.09 Gt C yr −1 . Even if we assume that foraminifera represent 50% of this amount (the rest would be coccolithophores) then their net accumulation rate for the sedimentary record should be 0.045 Gt C yr −1 . This is only 50% of the sedimentation flux, suggesting that at least 50% dissolves while on the sea floor. Some of these foraminifera dissolve in the sediments above the CCD, and part of them probably dissolve above the lysocline as well (Archer et al. 1989 ). The gross CaCO 3 production of foraminifera in the open ocean was estimated by Schiebel (2001) to be 3.24 Gt CaCO 3 yr −1 , which is roughly 5 times higher than the net accumulation rate. Roughly 65% of this amount must dissolve while settling in the deeper undersaturated water. The gross production is obviously a significant component of the present day global carbon cycle. It is roughly equal to 10% of the annual CO 2 accumulation in the atmosphere (Siegenthaler and Sarmiento 1993) . Because of atmospheric CO 2 increase, the pH of the surface ocean is decreasing (Brewer et al. 1997) . Based on our observations the rate of calcification in foraminifera is strongly related to the pH in their surrounding water (ter Kuile et al. 1989b ), with lower rates at lower pH. If foraminiferal calcification is theoretically completely stopped and other processes are kept constant, a net atmospheric CO 2 sink of 0.4 Gt C yr −1 will be formed. The magnitude of this sink will not decline for at least several hundred years because the alkalinity/C T ratio in the upper ocean will increase as calcification stops while the dissolution on the sea floor will continue. This is because the residence time of water in the upper ocean is roughly 100 years, while that of the deep sea where dissolution continues is ~1000 yr. It is reasonable to assume that within 100 years the surface alkalinity will become similar to the deep alkalinity (i.e., higher by 200 meq/l). Judging from estimates made by for the last glacial ocean, this may lower atmospheric CO 2 by 200 ppm. Obviously, these are only rough calculations and a detailed model is necessary to evaluate such a scenario. Nevertheless, a macro-scale reduction in foraminiferal calcification may produce a significant CO 2 sink. As will be discussed below, the coccolithophores and hermatypic corals also reduce their calcification rates when pH is reduced as a result of CO 2 increase (Kleypass et al. 1999; Riebessell et al. 2000) . Hence, this sink may further increase.
The contribution of coral reefs and shallow carbonate shelves to global calcification is much lower. It was estimated by Smith (1978) to be roughly 0.07 Gt C yr −1 , i.e., 43% of the supply of Ca to the oceans. However, at least for several thousands of years, this is a net accumulation term. During the Pleistocene when sea level fluctuated roughly 120 m down and up between glacials and interglacials, the area occupied by coral reefs decreased and increased, respectively. This could have influenced the global cycle and may have been the cause for atmospheric CO 2 fluctuations, as suggested by Opdyke and Walker (1992) . Out of this 0.07 Gt C yr −1 most of the area (90%) is calcifying at slower rates of roughly 1 kg CaCO 3 m −2 yr −1 , while the reef flats and fore reef areas are calcifying at a rate of 5 kg CaCO 3 m −2 yr −1 . In the low calcifying zones foraminifera are probably the major CaCO 3 producers. This is based on the reports of Muller (1974) for Amphistegina madagaskariensis and Smith and Wiebe (1977) for Marginopora vertebralis both calcifying at rates of 0.5 kg CaCO 3 m −2 yr −1 .
Importance of foraminifera and corals for paleoceanographic reconstructions
The significance of paleoceanographic studies stems from the wide recognition that the oceans, through their productivity and circulation patterns, play a major role in determining our climate. It is also well documented that large climatic changes occurred in the near geological past (Pleistocene). The deep sea record of stable isotopes (δ 18 O and δ 13 C) and trace elements (mainly Cd, Ba and Mg) in foraminifera shells provided accurate information on the paleotemperatures, paleocirculation and paleochemistry of the oceans during the Pleistocene (e.g., Emiliani 1955, Shackleton and Pisias 1985; Broecker and Peng 1989, 1982; Boyle 1988,Wefer et al. 1999 and many others) . This paleoceanographic information is essential for the tests and calibrations of global circulation models trying to predict the response of the atmosphere-ocean system to changes such as atmospheric CO 2 increase. In this regard, one of the most intriguing observations is the glacial-interglacial fluctuation in pCO 2 discovered in the polar ice cores (e.g., Barnola et al. 1987 , Petit et al. 1999 . The causes for these cycles and the role of the ocean in these changes may provide further testing of the models and thus help to predict the fate of the anthropogenic CO 2 input and its consequences (e.g., Archer and Maier-Reimer 1994 ).
An important achievement of the past two decades is the experimental evidence that foraminifera faithfully record the changes in seawater temperature and chemistry (e.g., Luz 1982, 1983; Delaney et al. 1985; Spero 1992, 1994; Russel et al. 1994; Lea et al. 1999) . These studies have shown that planktonic and benthic foraminifera display constant distribution coefficients for various elements and thus validated the field calibration studies (e.g., Hester and Boyle 1982; Lea and Boyle 1989; Boyle 1992; Boyle et al. 1995; Rosenthal et al. 1997) . New and existing information was provided by Spivack et al. (1993) , Sanyal et al. (1995 Sanyal et al. ( , 1996 Sanyal et al. ( , 1997 on the paleo-pH of the oceans based on stable boron isotopes (δ 11 B). At this stage, however, this analysis requires large sample size (milligram quantities). Hence presently it cannot be applied to single species of benthic foraminifera. Spero et al. (1997) have shown that the CO 3 2− ion affects δ 13 C and possibly δ 18 O. The possible effects of physical parameters (i.e., temperature and pressure) on the distribution coefficient of some trace and minor elements was shown by Rosenthal et al. (1997) . Temperature effects on Mg distribution coefficient in foraminifera have recently been shown (Nurnberg et al. 1996; Rosenthal et al. 1997; Hastings et al. 1998; Rosenthal and Lohmann 2002) . This has opened the possibility of separating the ice volume effect from the temperature effect hidden in the δ 18 O record (Elderfield and Ganssen 2000; Lear et al. 2000) .
Despite the wide use of foraminifera in paleoceanographic reconstructions, it is well recognized by all scientists involved in these studies that foraminifera are organisms that precipitate their shells by a complex physiological process. This process is biologically controlled (Lowenstam and Weiner 1989 ) and hence does not necessarily obey the chemical thermodynamics associated with inorganic precipitation of CaCO 3 . These socalled vital effects are observed both in stable isotopes and also in trace element composition (e.g., Shackleton et al. 1973; Erez 1978; Erez and Honjo 1981; Boyle 1995; Spero et al. 1997; Weiner and Dove 2003) . In part the symbiotic algae that are found in many species of planktonic and in shallow benthic foraminifera were often suggested as the source of this variability (Erez 1978) . However studies on deep benthic species and other symbiont-barren species also demonstrate significant deviations from expected isotopic and chemical equilibrium fractionations, and these must be connected to the actual mechanism of shell formation (e.g., Erez 1993; Boyle 1995; Elderfield et al. 1996) . As a result of these deviations the paleoceanographic work is limited to only those species that are close to equilibrium, or assumptions are made that the deviations are constant with time (see below).
Subjects that will not be included
This review will not address the following subjects:
1. Biomineralization in coccolithophores is of major importance for the pelagic CaCO 3 production. Young and Henriksen (2003) discuss coccolithophorid biomineralization in Chapter 7 of this volume.
2. Biomineralization in hermatypic corals will not be included in the review, although many inferences are made due to their importance in the global carbon cycle and as paleoceanographic indicators. When similar phenomena are found in corals and foraminifera, they will be discussed.
3. Various aspects of mineralogy and crystallography in foraminifera and corals. These subjects may be covered by other reviews in this volume and in the classical books of Lowenstam and Weiner (1989) and Simkiss and Wilbur (1989) .
4. The structure, texture and skeletal architecture of foraminifera and the relations between structure and function. These subjects have been discussed at length in various papers and textbooks related mainly to their taxonomy (e.g., Loeblich and Tappan 1964 . Much is known about these subjects on various levels from high resolution TEM and SEM and through light microscopy.
Geological aspects of rock-forming organisms
It should be pointed out that foraminifera have played a major role in the sedimentation history of the oceans and seas and have left impressive rock formations built almost entirely of their shells. Notable are the Mesozoic and Cenozoic chalks in Europe and the Middle Eastern deposits composed mainly of planktonic foraminifera and coccolithophores. Numulitic limestones of the Eocene are made almost entirely of very large benthic foraminifera (that may have had symbiotic algae), and fusulinids produced high accumulations of limestone in the Permian. Deposition of these formations must have modified the global carbon cycle of their times and are an important part of the sedimentary rock record.
BIOMINERALIZATION IN FORAMINIFERA Introduction
Foraminifera are unicellular calcifying ameba, taxonomically part of the Protista (Loeblich and Tappan 1964 . They are strictly marine organisms, although recently there have been some reports of fresh water non-calcified granoreticulate ameba that may be considered as foraminifera Holzmann et al. 2003) . Their evolution started in the mid-Paleozoic some 400 my ago, and their species diversity is very high. Over 40,000 species have been identified in the fossil record, while roughly 4,000 species are extant. These data suggest that the average rate of evolution per species is 1/10,000 yr. This high rate of evolution, the coexistence of many species, and the good preservation of their calcitic shells provide very detailed biostratigraphic division of the geological record based on fossil foraminifera (Loeblich and Tappan 1964 . As a result, much attention has been given to their shell structure and texture and with the advent of SEM and TEM a large body of knowledge accumulated on these subjects (e.g., Towe and Cifelli 1967; Hansen and Reiss 1972) . Biostratigraphic methods that are based upon foraminiferal zoning became the main tool for correlations and reconstruction of subsurface geology that were highly needed for oil and gas prospecting. This entire field has benefited greatly from the Deep Sea Drilling Project (DSDP) and its successor the Ocean Drilling Project (ODP). These projects provided continuous well-preserved records of oceanic sediments through the Cenozoic (e.g., Vincent and Berger 1981) . In addition to obtaining well-preserved foraminifera, these projects greatly assisted in the transformation from biostratigraphy to absolute chronostratigraphic time scale (e.g., Berggren et al. 1995) .
The process of biomineralization is a major modifier of the paleoceanographic proxies stored in their shells. More reliable and new information will be extracted from foraminiferal shells if their biomineralization process is well understood. In addition, the foraminifera are very large eukaryotic cells that can be cultured in the laboratory and provide a very informative experimental preparation to study biomineralization at the cellular level. As will be shown below, these organisms are particularly suitable for light and confocal microscopy. Finally, it should be mentioned that while calcification studies in foraminifera can teach us a great deal about the interpretation of their trace elements and isotopes, the latter may also teach us a most interesting lesson on biomineralization mechanisms in these organisms.
Recent work (e.g., Langer et al. 1993 , Darling et al. 2000 Huber et al.1997; de Vargas et al. 2002; Pawlowski et al.2002) has shown that extant foraminiferal DNA produces a taxonomy that in general fits very well the classical one based on shell structure. Obviously new insights are obtained from these studies, but in general they confirm the strong genetic control on shell structure and possibly function.
Light microscopy, TEM and SEM of test structure and function
Detailed descriptions of foraminiferal morphology, composition and texture can be found in the micropaleontological literature and in several textbooks (e.g., Loeblich and Tappan 1987; Hedley and Adams 1978) . With regard to their test (shell), it is possible to divide the foraminifera into four groups: the first two groups are with organic tests and with agglutinated tests (composed of particles collected by the organism and inserted in the test). The latter may have organic matter or CaCO 3 as their cementing agent and hence may be considered as performing biomineralization. The other two groups precipitate CaCO 3 shells and are known as the imperforate or porcelaneous (mainly Milliolids) and the perforate or calcitic radial. The perforate foraminifera are the ones that dominate today's oceans, hence most of this review will be dedicated to their biomineralization.
The perforate foraminifera test can be very simple with one or only few chambers, or it can be complex with many chambers arranged in various three-dimensional configurations. The most common arrangement is spherical coiling with planispiral or low trochospiral tests. The trochospiral test has an umbilical side, which contains the last whorl and the aperture, and the spiral side showing the spiral arrangement of earlier chambers. In all foraminifera the apertures of earlier chambers (called foramens, hence the name foraminifera) are connected, thus forming a continuous space where the cytoplasm is interconnected.
The imperforates (porcelaneous) are more primitive and evolved before the calciticradial perforate ones (probably in the Paleozoic). There is a major difference in the calcification mechanisms of these two groups. The porcelaneous species precipitate their needle shaped calcite crystals (usually high Mg calcite) within intracellular vacuoles (Angell 1980; Hemleben et al. 1986) . The crystals are then deposited at the sites of chamber formation usually without any preferred orientation, within an organic matrix, which forms the shape of the chamber. The random orientation of the crystals blocks the light and hence the appearance of the test is opaque. Often the outer layer of crystals is deposited in a dense organized orientation, which forms a shiny light-reflecting veneer (op. cit.). Both characters contribute to the porcelaneous appearance of these tests. Most of the porcelaneous foraminifera are not perforated as opposed to the calcitic radial ones. Yet their shell is rather permeable to gases and solutions as can be deduced from the measurements of microelectrode gradients Kuhl 2000, 2001) . Another observation is that radioactive exchange of 14 C and 45 Ca are higher in the porcelaneous foraminifera compared to the perforate ones (ter Kuile and Erez 1987 ). An unreported observation in our laboratory is that when some recent porcelaneous foraminifera are treated with NaOCl to remove the organic components, the shell partially disintegrates, and the CaCO 3 needle-shaped crystals are left behind.
The perforate foraminifera evolved in the Mesozoic and Cenozoic and are more advanced in many of their characteristics. Their shells are usually made of low Mg calcite (although some may approach 6−7 mole % Mg). Their crystals are oriented in a structure known as calcitic radial. This texture is formed by multilayered calcite platelets that have a radial appearance with their C-axes perpendicular to the shell surface (Hansen and Reiss 1972; Bellemo 1974 ). This group is also perforated with numerous microscopic pores that are found on most of the surface area of the shells. The pores can range from a few microns up to 10 µm in diameter and are sealed by an organic pore plug that prevents the intra-shell cytoplasm from flowing out of the shell (Hemleben et al. 1989) . As in all foraminifera, the flow of cytoplasm is via the aperture or apertures through which pseudopods can propagate to perform the life function of these organisms including feeding, excretion, and of course chamber formation (see below). One major feature found in many perforate calcitic-radial foraminifera is their lamination (Fig. 1) .
Lamination is obtained when these organisms cover their pre-existing shell with a new layer of calcite every time that the organism builds a new chamber. The shell is therefore composed of many layers of thick radial calcite and its thickness depends on the number of chambers per whorl (Reiss 1957) . The bulk of the CaCO 3 shell is composed of this secondary lamination, although little is known about its calcification mechanism. The pores and the spines (when present) are not covered by the secondary lamination. Towards the end of their life cycle many planktonic species deposit several different types of CaCO 3 either in the form of thick crust or what was termed as gametogenic calcification. This CaCO 3 often shows different chemical and possibly isotopic compositions Be et al. 1977) . This is in part because it is deposited in deeper water where temperature, illumination and water chemistry are different from those where the rest of the skeleton was deposited, and in part because the mechanism of calcification may be different.
While the exact function of foraminiferal tests has not been investigated directly, there are many speculations (e.g., Hallock et al. 1991) . Protection against predators is often mentioned, and, in this regard, small microbial or other microorganisms (ciliates) are probably not less important then the macro benthos (such as Echinoderms). In spinose planktonic foraminifera, the shell also serves as basis for the spines, which allow for the construction of a wide pseudopodial "spider web" that help to catch their prey (small copepods). This is important particularly in turbulent shallow water where they are found. The spines may also assist in dispersing the symbiotic algae in such a way as to provide CO 2 and to reduce oxygen toxicity by diffusion. In benthic foraminifera thick shells may assist in preventing buoyancy and in resisting abrasive wave action. It is obvious, however, that despite the sometimes massive structures of foraminiferal tests (i.e., the fossil Nummulites and the extant Rotalids), one major feature of all foraminiferal tests is a tendency to allow for cytoplasmic flow from the inside towards the environment. Pseudopodial networks are most important for food gathering, movement, shell building, respiration and extraction of waste. Hence many of the intricate and complex structures of foraminiferal tests are designed to allow fast and effective communication of Figure 1 . Lamination scheme in lamellar perforate foraminifera, after Reiss (1957) . Each newly added chamber is composed of 2 layers of calcite-primary calcite, which outlines the new chamber and becomes the inner lamella and secondary calcite that covers the inner lamella and also the entire existing shell.
Erez cytoplasm between the outside environment and the intra-shell endoplasm (e.g., Reiss and Hottinger 1984, Hottinger et al. 1993 ).
Not much is known about the organic matrices and their role in the calcification process in foraminifera. King and Hare (1972) characterized the amino acids associated with tests of planktonic foraminifera and Weiner and Erez (1984) described the matrix of the benthic species Heterostigina depressa. The abundance of acidic amino acids and the presence of glycosaminoglycans have been documented in tests and organic lining of various foraminifera (reviewed by Langer 1992) . Obviously an organic entity is involved in determining the shape of the newly formed chamber as will be described below. It may also function as a nucleating and as an inhibiting agent of mineralization.
Chamber formation in perforate foraminifera
Chamber formation has been described in many different foraminifera including imperforate and perforate, planktonic and benthic (e.g., Angell 1979; Spero 1988; Hemleben et al. 1986 Hemleben et al. , 1989 . These studies utilized primarily light microscopy, SEM and TEM observations. In perforate foraminifera the first step is delineation of a space that partially isolates the organism from its environment. This is done with the aid of the ectoplasmic pseudopods. The next step is the formation of the organic template in the shape of the newly formed chamber. This is achieved by formation of a cytoplasmic bulge that serves as a mold (called anlage) for the organic matrix, which will also serves as a template for nucleation. The third step is the precipitation of CaCO 3 on both sides of a thin organic layer (termed the Primary Organic Membrane or POM). POM is a somewhat misleading term because the same acronym often used in oceanography for particulate organic matter and also because it is clearly not a cell membrane in the strict sense of the word. Perhaps the term Primary Organic Sheet (POS; as suggested by L. Hottinger, pers. comm.) is better. During the entire process there is an intensive involvement of the granoreticulate pseudopodia, with strong cytoplasmic and vacuole streaming. TEM observations all show involvement of small electron-dense vesicles of various types. It should be emphasized here that the newly-formed chamber represents only a small fraction of the CaCO 3 deposited during a growth instar. This is because the secondary layering which covers the entire organism with a new layer of calcite probably represents ~90% of the newly deposited CaCO 3 (Fig. 1) . Despite the importance of this secondary lamination, there are very few observations on this process (see below).
Rates of calcification: radiotracers, weight increase and microsensor studies
Rates of growth and calcification for planktonic foraminifera are reported by Caron et al. (1981) , Erez (1983) , Be et al. (1982) , Anderson and Faber (1984) and are summarized in Hemleben et al. (1989) . If well fed, planktonic foraminifera add a new chamber every day and grow at a rate of roughly 25% d −1 . Normal G. sacculifer reach the size of 600−700 µm and their weight is 30−40 µg each. For large symbiont bearing benthic foraminifera (both porcelaneous and calcitic radial) the rates are much lower, ranging from less than 0.5 to 4% d −1 (e.g., Erez 1978; Duguay and Taylor 1978; Duguay 1983; ter Kuile and Erez 1984) . For a 1200 µm A. lobifera with shell weight of 1 mg this would be roughly 20 µg d −1 , so that the absolute amount is similar to that of the planktonic ones. Growth measurements are almost always calculated for the shells. There is a hidden assumption that the organic matter grows in parallel to the shell. For the benthic species A. lobifera and A. hemprichii the dry weight of the organic matter is 7 to 10% of the total weight.
One explanation often used in trying to explain vital effects in isotopes and trace elements is the variable rate of calcification (Boyle 1995; Elderfield et al. 1996) . This should be reconsidered, as the actual rates of biogenic precipitation by foraminifera are probably several orders of magnitude lower then precipitation rates reported for inorganic calcites. The comparisons are very difficult because inorganic rates are reported in units of mass precipitated per unit surface area per unit of time. The surface area is a difficult parameter to estimate when dealing with biogenic carbonates. If we use BET specific surface areas as measured by Honjo and Erez (1978) for planktonic foraminifera, it is clear that the specific surface area is very high (in the range of 2−3 m 2 g −1 ) as opposed to, for example, reagent grade calcite (0.6 m 2 g −1 ). The rates of the inorganic experiments discussed by Morse and Bender (1990) were between 10 2 −10 5 µmol m −2 hr −1 , and kinetic effects were observed mainly in the higher range of these values. The highest calcification rates reported for foraminifera are those for planktonic foraminifera (e.g., Erez 1983) reaching 25% day −1 . When normalized to the surface area the rate is ~40 µmol m −2 hr −1 , a factor of 2.5 lower than the lowest rates cited for the inorganic experiments. In shallow benthic foraminifera the rates are probably lower by an order of magnitude, and in deep benthic foraminifera, calcifying at temperatures below 5 ºC, the rates must be even lower. Hence the suggestion made by many authors that calcification rate is an important factor in determining trace element distribution coefficients is probably incorrect. Figure 2 shows the results of several laboratory experiments with live foraminifera carried out to determine the distribution coefficient of Sr (D Sr ) in planktonic and benthic foraminifera (Cutani 1984 increasing calcification rate. This is contrary to the expected, if the kinetics of CaCO 3 precipitation control the value of D, because at higher precipitation rates D should increase (Lorens 1981; Morse and Bender 1990) . The explanation for the observed data may be that foraminifera with higher growth rates behave as an open system while those with lower growth rates are more closed systems. (see discussion below on distribution coefficients).
Microsensor studies of foraminifera, started by Jorgensen et al. (1985) , who documented the intensive activity of the symbiotic algae in the planktonic foraminiferan G. sacculifer. They showed that a boundary layer of several hundred µm surrounds this spinose species and that the chemical conditions in this layer are significantly different from the surrounding seawater. Highest oxygen levels in the light were ~500 µM (a supersaturation of 200%) and the pH rose to 8.6 relative to the ambient levels of 8.2. In the dark the oxygen dropped to 120 µM while the pH dropped to 7.9. More recent studies (Rink et al. 1998) showed in the planktonic Orbulina universa a significant difference between gross and net photosynthesis (roughly a factor of 2), suggesting that in the light respiration is enhanced relative to dark respiration. Similar observations were also made in the benthic A. lobifera and A. hemprichii Kuhl 2000, 2001) . In addition these authors also showed light and dark pH dynamics as well as CO 2(aq) and Ca 2+ gradients. The latter were typical concentrations of seawater, i.e., 10 ± 0.5 µM, with somewhat inconsistent fluctuations and gradients between light and dark. The calcification rates calculated from these gradients for A. lobifera were lower by a factor of 30 compared to the rates reported by ter Kuile and Erez (1984) , suggesting that this technique still needs some improvement.
Photosynthesis and calcification
The process of light-enhanced calcification in symbiont bearing corals and foraminifera as well as in calcareous algae (including coccolithophores), is commonly explained by removal of CO 2 by photosynthesis which enhances calcification as clearly implied from Reaction (1) above. While possible for calcareous algae, this mechanism is doubtful for most of the symbiotic associations. Doubts about the validity of this mechanism come from several lines of evidence. Pearse and Muscatine (1971) have shown that the fastest calcifying parts of hermatypic corals are the tips of the branches, which are devoid of symbionts. The location of the symbiotic algae in corals is within the cells of the gastrodermis, well separated from the chalicoblastic ephithelium responsible for the calcification process. Also in the foraminifer A. lobifera there is a clear separation between the symbiotic algae, which calcify inside the shell, and the calcification process, which occurs in the extra-shell cytoplasmic space (see later discussion of Fig. 7) . The most direct approach to this question comes from the radiotracer experiments of Erez (1983) and ter Kuile et al. (1989b) on planktonic and benthic foraminifera, respectively. Using DCMU-the compound 3(3,4-dichlorophenyl)-1,1-dimethylurea, a photosynthesis inhibitor that stops the electron flow in photosystem II-we showed that in foraminifera light-enhanced calcification could proceed when photosynthetic CO 2 uptake was completely inhibited (Fig. 3) . The decoupling between these two processes is also clear from the fact that in planktonic foraminifera calcification is absolutely dependent on feeding Hemleben et al. 1989) . while photosynthesis can proceed at very high rates without calcification (Jorgensen et al. 1985) . In the symbiont-bearing benthic foraminifera, it was shown that both calcification and photosynthesis could be inhibited without affecting each other (ter Kuile et al. 1989a,b) . Furthermore, introduction of the enzyme carbonic anhydrase to the seawater where these foraminifera grew caused enhancement of photosynthesis, but reduction in calcification. In fact, this treatment caused a complete crash of the internal carbon pool that supplies calcification. These and other observations suggested that the symbiotic algae might actually compete with their host for inorganic carbon (ter Kuile et al. 1989a) . The competition for C T may now be explained in view of the new observations on the mechanism of calcification in foraminifera as mediated by alkaline seawater vacuolization (see below). The conclusion from these experiments is that although there is light enhanced calcification in foraminifera, CO 2 removal and /or photosynthesis are not directly involved. Two alternative mechanisms may explain these observations: one is that DCMU does not inhibit photosystem I, which may proceed to produce ATP in a cyclic mode. Since ATP is needed for the calcification process (ter Kuile et al. 1989a ), this may explain light enhanced calcification. Alternatively, the photosynthetic activity may provide a sink for protons, which combine with HCO 3 − to provide CO 2 for the symbiotic algae (McConnaughey 1994; McConnaughey and Whelan 1997) . Recently, Al-Horani et al. (2003) showed the activity of a light-dependent Ca 2+ -ATPase at the calcification space just below the chalicoblastic epithelium. This pump may exchange Ca 2+ for 2H + and thus enhance calcification and at the same time photosynthesis. It is certainly possible that foraminifera have a similar system to mutually enhance the two processes.
Internal carbon and calcium pools
Carbon pool. The studies of ter Erez (1987, 1988) and ter Kuile et al. (1989 a,b) , have demonstrated that the perforate foraminifera A. lobifera H. depressa and 
Erez
Operculina ammonoides have a large internal carbon pool that serves for calcification, but not for photosynthesis (Fig. 4) . On the other hand the imperforate species A. hemprichii and Borelis schlumbergeri do not show such a pool when similar techniques are employed (Fig. 5) . The internal inorganic carbon pool was demonstrated using the radiotracer 14 C by three independent methods:
1. Lag time of roughly 12 hrs in the uptake of 14 C into the skeleton (Fig. 4) .
2. Uptake of 14 C into the skeleton during the chase period in pulse-chase experiments (Fig. 4) .
3. Direct measurement of the inorganic carbon pool by comparison of 14 C uptake in wet and dry individuals.
It turns out that the internal carbon pool varies in A. lobifera as a function of its age and physiological state (ter Kuile et al. 1989b) . Biologically active uptake into the carbon pool was demonstrated (ter Kuile et al. 1989b) , and it was also shown that metabolic carbon is entering the pool and eventually the skeleton. Uptake of carbon into the pool and the skeleton shows an enzyme kinetics type behavior (Michaelis-Menten) with respect to CO 3 2− ion. The total uptake shows a Hill-Wittingham type kinetics that is diffusion-limited at low concentrations and enzyme-limited at higher concentrations than seawater (ter Kuile et al. 1989b ). These observations have direct implications for the carbon isotopic composition of these foraminifera and may affect trace elements that occupy the lattice position of the CO 3 2− ion in foraminiferal calcite. The existence of an internal carbon pool may influence the distribution coefficients of these elements in the same way that the Ca pool influences the cationic trace elements. In the perforate, uptake for photosynthesis and the inorganic carbon pool are without delay while calcification lags for the first day and only then begins at the normal light enhanced calcification. During the chase period the inorganic pool is depleted from its 14 C, which is all transferred to calcification. This continues for almost 2 days.
While the existence of the inorganic carbon pool is clearly demonstrated, its nature and the concentration of carbon in this pool are still a mystery. The pool size in A. lobifera according to ter Kuile and Erez (1988) is roughly 1 µg C/mg foraminiferan. Given the diameter, weight and volume relations of ter Kuile and Erez (1984) , the concentration of carbon in the pool is ~190 mM. This is a minimum estimate because this calculation assumes that the volume is all fluid. Even if we assume a very effective carbon concentration mechanism (CCM) in foraminifera similar to that known for algae (e.g., Raven and Johnston 1991) , it is difficult to imagine concentration by a factor of 100 relative to seawater. If the diameter of the pseudopodial network of A. lobifera were increased roughly by a factor of four then the internal concentration will be around that of seawater. Alternatively the pool may not be in solution but in some solid unstable phase (see similar discussion on Ca below).
Calcium pool. An internal calcium pool, serving for calcification, was first observed by Anderson and Faber (1984) in the planktonic foraminiferan G. Sacculifer. They observed a gap (of 40%) between the actual CaCO 3 deposited and the incorporation of the radiotracer 45 Ca into the skeleton in short incubation of 24 hrs. This gap diminished after 48 and 72 hrs of incubation with the radiotracer. In a similar study conducted in our laboratory on A. lobifera, we also observed a large gap between the incorporation of 45 Ca into the skeletons of and the actual calcification (measured as CaCO 3 weight added) during the experiment (Table 1 ). The data showed that for small fast-growing specimens there was a good agreement between the two methods, while for the older and larger specimens the radiotracer underestimated the actual calcification by a factor up to 9. Obviously these data cannot be explained by isotopic discrimination against the radiotracer because the mass difference between 40 Ca and 45 Ca is only five mass units and such fractionations are not known in nature. The most likely explanation for these observations is that suggested by Figure 4 . Uptake for calcification and photosynthesis start without delay and both rates are similar suggesting 1:1 stoichiometry and self-enhancement of both processes according to Reaction (1) in text. No carbon pool is detected for this species. Anderson and Faber (1984) , i.e., that the foraminifera have an internal calcium pool that is large enough to cause this discrepancy. During the initial period after the radiotracer is added to the water, the pool is not yet equilibrated with 45 Ca in the seawater. Only after equilibration (which is a function of the pool size and its exchange rate with the environment) will the 45 Ca calcification rate be equal to the true calcification rate.
The observation that the small, fast growing specimens have reached a ratio of one suggests that their pools have equilibrated with 45 Ca, and thus the radiotracer measures the correct calcification rate. In the experiments that had a "cold" chase period following the radioactive incubation, the ratio was lower than in equivalent experiments without chase, suggesting incorporation of 45 Ca into the skeleton from the internal pool. However, it is surprising that the gap between the two methods is so large and that during the chase the gap was not completely closed. Lea et al. (1995) have claimed that in their 48 Ca uptake experiments, they found no indication of a Ca pool in the planktonic species Orbulina universa. However, careful examination of their data shows a lag time for the Ca tracer incorporation on the order of that described by Anderson and Faber (1984) . To clarify this subject we conducted experiments with A. lobifera, where true calcification was estimated by comparison of initial weight and final weight and by changes in alkalinity during the course of the experiment (not shown). Again large discrepancy was observed between the methods. The first experiment, conducted in continuous light, demonstrated that during the first 24 hrs the total 45 Ca uptake is much lower than in the next days. The time needed to saturate the Ca-pool with 45 Ca in normal light/dark cycle was longer than 48 hrs. After the pool is filled up the uptake becomes linear with time. In these experiments we were able to measure directly the Ca-pool in the cytoplasm by the difference between the total 45 Ca uptake and the NaOCl-cleaned CaCO 3 uptake. The pool represents almost 40% of the total uptake in the first experiment and roughly 20% in the second experiment. In the second experiment after the 5th day the total 45 Ca uptake approached 75% of the true calcification rate. But again the discrepancy could not be fully bridged.
When the concentration of Ca in the pool is calculated using the total volume of the organisms (as shown above for the carbon pool), we obtain concentrations that are very high, ranging from 2 M to 20 M. These concentrations are unrealistically high unless they represent Ca sequestration in a solid phase. A similar calculation for Anderson and Faber (1984) experiment yields a concentration of ~80 mM, 8 times higher than seawater. It is possible that these Ca-pools may be connected to small polarizing granules that were recently observed in the endoplasm which may store Ca for the calcification process (see below). Alternatively there may be an amorphous CaCO 3 phase that is involved in the calcification process and has not been observed yet.
Incorporation of trace elements
The modern data on trace elements in foraminifera came from the study of Bender et al. (1975) and Graham et al. (1982) who used neutron activation for this measurement. An important step toward the use of trace elements was the original work of Boyle (1981) who designed a cleaning procedure to remove the ferro-manganese coating from sedimentary foraminifera and introduced Cd as a tracer for phosphate in the ocean. In a series of papers that followed, other tracers were introduced e.g., Ba, Li, F, U, V, δ 11 B and recently Mg (e.g., Boyle , 1992 Hester and Boyle 1982; Lea and Boyle 1989; Rosenthal and Boyle 1993; Russell et al.1994; Boyle et al. 1995; Nurnberg et al. 1996; Rosenthal et al. 1997; Hastings et al. 1996 Hastings et al. , 1998 Elderfield and Gansen 2000; Rosenthal and Lohmann 2002; Lear et al. 2002; Anand et al. 2003) . As with all proxy development, problems always arise, but one comforting observation in many experimental and field studies is that for most of the trace elements that have been investigated (Mg, Sr, Cd, Ba, U, V, Li), there seems to be a constant partition coefficient (which may be temperature or pressure dependent). This means that when the Me/Ca ratio in seawater is increased the Me/Ca in the CaCO 3 also increases (e.g., Delaney et al. 1985; Lea and Boyle 1989; Spero 1992, 1994; Russell et al.1994; Hastings et al. 1996; Lea et al. 1999 ). This of course does not prove that these elements are incorporated into the CaCO 3 as solid solution substitution. A debate on this issue was raised with respect to Ba (Lea and Spero 1992; Pingitore 1993; Lea and Boyle 1993) . Regardless of the lattice position of these trace elements these linear relations (op. cit.) form the basis for many paleoceanographic reconstructions. More recent observations showed that some of these trace elements, are incorporated into the skeleton of foraminifera in a differential manner. Different parts of the shell have different concentrations (Szafranek and Erez 1993; Erez et al. 1994; Nurnberg et al. 1996; Eggins et al 2003) . Indeed certain parts of the calcitic shells are enriched in trace elements and others are depleted (Fig. 6 ). This will be discussed in relation to our new observations on the calcification mechanisms of foraminifera. Szafranek and Erez (1993) used Electron-Probe Micro Analysis (EPMA), EDS and WDS in a study that found inhomogeneous distribution of some minor elements in foraminiferal shells. Data are shown for A. lobifera for which we performed a profile across the knob in the vertical section (Fig. 6 ), but similar concentration changes were also found across the horizontal section. Both sections represent the growth history of the organism (i.e., the low numbers on the x-axis are younger stages). Profiles were made for the following elements: Ca, Mg, Sr, S, and Na. In this calcitic-radial species, Mg ranges from 1 to 4.5 mol % (average of 170 analyses is 2.3 mol % on 4 tests). Sr: 0.11−0.28 mol % (average value of 0.22 mol %), SO 4 2− : 0.013−0.57 mol % (Av. 0.1 mol %), Na: 0.78-1.35 mol % (average value of 1.04 mol %) In the porcelaneous A. hemprichii (AH), Mg concentrations ranges from 11% to 14.8 mol % (average value 13.6 mol % for 30 analyses from 3 tests), Sr: 0.14−0. , and Na in the thin dark boundaries between the calcitic lamellae (Fig. 6 ). Perhaps the most important finding of this study is the systematic variations of Mg and S in the knob area of A. lobifera. These variations show low concentrations for these 2 elements within the calcitic lamellae (which represent roughly 90% of the calcite) and much higher concentration (factor of 5 for Mg) in the region of the dark layers that separate one lamella from the next (Fig. 6) . The dark layers showed also higher concentrations of Na and Cl but not always for Sr. The source of this variability is not fully understood, but the most attractive explanation is that they represent alternations of primary and secondary calcite as will be discussed below. Duckworth (1977) showed Mg variability (but not in Sr) in Globorotalia truncatolinoides and attributed it to temperature at depth of calcification. Nurnberg et al. (1996) have shown variability in Mg in cultured planktonic foraminifera with high concentrations in the gametogenic calcite. Recently Eggins et al. (2003) have reported inhomogeneous distributions of trace elements in various planktonic species. Some of the variability was within the inner parts of the chamber wall, but most of the variability was because of high concentrations of all trace elements (except Sr) in the outer veneer of the foraminifera. It is possible that this may represent gametogenic calcite for the samples taken from sediments. One major concern in the use of Mg as a proxy for temperature is dissolution of the Mg rich phases (e.g., Brown and Elderfield 1996) . Based on the data presented above, the tests of planktonic foraminifera may be described as thick secondary calcite (low in Mg, S and perhaps other trace elements) sandwiched between internal primary calcite ( Fig. 1) and external gametogenic calcite which are both richer in trace elements. Since high Mg calcite is more soluble than low Mg calcite (Morse and MacKenzie 1990) , these layers are more soluble and this may explain the observations of Brown and Elderfield (1996) .
Inhomogeneous distribution in the test
The possible implications of the calcium pool on the distribution coefficients (D) of trace metals may be demonstrated by our preliminary results on the distribution coefficients of Sr in cultured foraminifera shells (Fig. 2) . These data show that the D Sr in foraminifera is high at low calcification rates and becomes lower (approaching the inorganic D) at high calcification rates. In these experiments the low calcification rates are associated with the larger specimens, which have a larger calcium pool (Table 1) and hence may represent heterogeneous precipitation from this partially restricted calcium reservoir. In the extreme case of a totally restricted reservoir D will approach 1, while at the other extreme, when calcium pools do not exist and all the Ca is taken directly from seawater, D should approach the inorganic value (0.04). The average D Sr and D Ba in foraminifera are larger than the inorganic D by factors of 3.2 and 3.7, respectively, thus supporting the precipitation from a semi-closed reservoir. A further test for this hypothesis is the behavior of Cd with respect to the calcium pool in foraminifera. That is because the inorganic D Cd in calcite is larger than 1 and may be between 7−15 . If the Ca pool is also active with respect to Cd distribution, we expect the D in foraminifera to be lower than the inorganic value, again approaching 1. It is significant to note that the average inorganic D Cd is around 11, which is roughly 3.7 larger than D Cd in foraminifera. This factor is rather similar to the factors by which D Sr and D Ba deviate from their inorganic D. An attempt to quantify the reservoir effect is presented in Elderfield et al. (1996) where we assumed a Rayleigh fractionation model to describe the distribution of Sr, Ba and Cd from a closed Ca reservoir. For these trace elements, 90% of the reservoir is utilized in order to obtain the foraminiferal distribution coefficients. If this model can be verified and elaborated it may be possible to correct the fossil record for these biogenic effects, using a tracer like Sr which should be rather conservative (over short periods) and influenced only by the degree of openness of the Ca pool. This may allow for a "normalization" procedure for the vital effects in order to obtain better paleoceanographic information from Cd and Ba. However, at the time that this model was suggested, the nature of the calcification reservoir was not known. The new observations described below may shed light on this subject.
New observations and the role of seawater vacuolization
An important advance in biomineralization research of foraminifera was achieved in our laboratory when during decalcification experiments using EDTA with live organisms, we obtained viable "naked" amoeboid cells. These shell-less foraminifera contain symbionts, remain alive and function for several weeks. They show intensive pseudopodial activity and precipitate skeletal CaCO 3 (Bentov 1997 , Erez and Bentov 1998 . The ameboids were first produced from specimens of A. lobifera and later from other species including planktonic foraminifera. These amoeboids allow direct polarized light microscopy of the endoplasm, an essential step in order to study the biomineralization process. Furthermore, these amoeboids allow the use of advanced fluorescence imaging microscopy to study the calcification process and also TEM studies that do not require the decalcification step. The second and perhaps more important preparation was discovered from the mother individuals which produced the amoeboids. These partially dissolved individuals when transferred to normal seawater continue to calcify and precipitate their newly formed chambers flat on the glass substrate. These individuals allow detailed light and fluorescent microscopy observations on calcification processes that were totally obscured before.
Many amoeboids freshly isolated from their mother foraminiferan contain smallmineralized light polarizing granules usually of 0.5−1.0 µm. These granules cycle with the endoplasm stream and show typical yellow birefringence. Within a few days, the density of the granules increases and small, actively growing microspherulites (1−5 µm) appear that display also elongated bone-like shapes. Light microscopy suggests that the polarizing granules are membrane-bound and may be produced in special vacuoles within the endoplasm. The birefringent granules were also observed in the cytoplasm of small non-calcified offspring of A. lobifera produced during asexual reproduction and in the cytoplasm of adult individuals that were crushed physically without any chemical treatment. These phenomena were also observed in the benthic species Amphistegina lessoni and Hetetostigina depressa, and the planktonic species Globigerinoides sacculifer, Globigerinoides ruber and Orbulina universa.
The next step of biomineralization in the amoeboids is a massive deposition of large CaCO 3 spherulites of 20−60 µm in diameter. The large spherulites are attached to glass below the amoeboid and therefore seem to be extracellular. In reality they are precipitated in the realm of the ectoplasm as displayed by recovering individuals (see below). The microspherulites (1−5 µm) are both extracellular and intracellular, and can sometimes be observed moving within the endoplasm. They are made of concentric CaCO 3 crystals as shown by the extinction cross. SEM shows that each unit is made of calcite platelets similar to the skeletal elements which compose the two-dimensional wall of a newly formed chamber in association with the organic matrix. Spherulite composition determined by EPMA changes with size: The small microspherulites (1−10 µm) are enriched in Mg (average of 18 and up to 25 mole %) and are very low in Sr (below detection when smaller then 10 µm). The larger spherulites (>20 µm) are low Mg calcite (~3%) and have roughly 1% Sr. It is important to note that in normally growing A. lobifera, the skeleton is composed of alternations of Mg rich and Mg poor layers (Szafranek and Erez 1993, as discussed above) . An X-ray analysis of powdered A. lobifera reveals that indeed the skeleton is composed of two phases. The rare phase is Mg rich and is probably composed of the microspherulites while the common phase is low Mg calcite which forms the bulk of the calcitic radial test. The intracellular polarizing granules are highly soluble in HCl, NaOCl, and even distilled water. The granules are clearly bundles of needle-like crystals sometimes in a cross-like arrangement. The EPMA showed that they contain Mg, Ca, and P at an approximate ratio of 2:1:3, respectively. They are similar to granules described in Crustacea and in other unicellular organisms (Brown 1982; Taylor and Simkiss 1989) . The fact that these granules are so soluble suggests that they may serve as a temporary cellular storage for Ca. As mentioned above these granules may be part of the internal Ca pool.
Observations on recovering individuals
The mother individual, while recovering from partial dissolution, instead of making normal chambers over the pre-existing skeleton, precipitates its newly-formed chambers flat on the glass substrate. Some of these individuals make several chambers and allow for detailed observations of the calcification process that were totally obscured before. Unlike the amoeboids, these individuals retain the ability to form the chambers including the primary matrix-mediated calcification, the lobes of each chamber, the pores and the precipitation of secondary calcite. The initial calcite deposition is on the organic template, marking the external outline of the newly formed chamber. In A. lobifera the external suture of the newly formed chamber appears as elongated lobes that separate the dense internal endoplasm from the extralocullar cytoplasm. It is possible that the polarizing granules (which are found only in the endoplasm) provide the Ca and possibly the organic matrix for this process, and hence the primary calcite is enriched in Mg. This being the case, the granules may exocytose their soluble mineral content just at the boundary between the dense endoplasm and the ectoplasm. It is also possible that primary calcite involves initial precipitation of amorphous CaCO 3 , as has been demonstrated in other organisms (Raz et al. 2000 (Raz et al. , 2003 . The next stage is the precipitation of the secondary calcite. This occurs in the realm of the extralocullar cytoplasm by a mechanism that is not clear yet. Initially a line of spherulites is precipitated, and later the entire space between the lobes and this perimeter is calcified. The biomineralization process is fast, and the mineral precipitated is low Mg calcite.
Using fluorescence imaging confocal microscopy we conducted pulse-chase experiments with the cell-impermeant probe, FITC-Dextran . We demonstrated intensive seawater vacuolization forming large intracellular vacuoles that were labeled within minutes. Extralocullar cytoplasmic vacuoles, which surround the growing crystals, contained labeled seawater as well. With time, smaller labeled endoplasmic vacuoles appeared, probably budding out of the larger ones. After a few hours the dye was washed away from the seawater, but the crystals that continued to grow displayed strong additional fluorescence, which must have come from the internal labeled vacuoles. Similar results were obtained in experiments with Ca-binding dye Calcein. Both experiments suggest that seawater vacuoles that remain within the organisms serve as the main ion source (calcium and possibly carbonate) for the calcification process. The exact mode by which the FITC-Dextran labeled the growing calcite crystals is not clear, but it may be associated with the organic matrix. Initial experiments were conducted to measure the pH of the seawater in the vacuoles by ratio imaging of the pH indicator Snarf-Dextran to Ca green-Dextran. Preliminary qualitative analysis indicates that the pH of the seawater in the vacuoles increased significantly with time to values between 8.5 and possibly 9. Labeling the cells with Snarf AM (cell-permeant ester) shows that extralocullar cytoplasm pH, especially around the growing crystals, is higher than the endoplasmic pH (which is around 7.2), suggesting that the cell elevates the pH of the vacuoles. Photosynthesis by the symbiotic algae elevates the pH in the microenvironment (Jorgensen et al.1985 , Rink et al. 1998 where these vesicles are produced. This may be another way in which symbionts may enhance calcification by the host. These vesicles are transported from the endoplasm by an pseudopodial network to the sites of secondary calcification where they provide their contents for the formation of the secondary low Mg calcite. The membrane probe FM 1−43 demonstrated that the ectoplasm forms a continuous thin layer that completely covers the growing crystals. This ectoplasmic layer probably isolates the crystals from the surrounding seawater, thus creating a delineated space, necessary for biologically controlled calcification (Figs. 7 and 8 ).
Summary and working hypothesis
The following working hypothesis for the calcification process in perforate foraminifera may be formulated: Calcium is concentrated in the endoplasm in a highly soluble, birefringent mineral phase composed of Ca, Mg, P possibly S. The granules are membrane-bound and may contain organic matrix or some of its components. The granules provide Ca for the first CaCO 3 crystals that precipitate over the newly formed organic matrix. At this stage the chamber consists of a two-dimensional primary wall made of Mg-rich calcitic microspherulites embedded within the organic matrix. The second stage of the calcification process involves massive deposition of a low-Mg calcite wall. This secondary calcite is made of layered crystal aggregates with their c-axes perpendicular to the test wall. In the amoeboids these units form large spherulites. In the intact foraminifera these units form the secondary lamination and are responsible for the bulk of the skeleton deposition. The biomineralization process forming secondary calcite . An overall scheme describing the secondary calcification process in perforate foraminifera. The symbols are: v -vacuole, p -pseudopodia, s -symbiotic algae, d -delimited biomineralization space, ic -intralocullar cytoplasm, ec -extralocullar cytoplasm, sw -seawater. Seawater vacuoles are formed by endocytosis, and during their pathway within the cell various pump and possibly channels operate to increase the pH and possibly Ca 2+ and the C T in these vacuoles. These modified seawater vacuoles are exocytosed into the delimited biomineralization space (marked with dense dots) where CaCO 3 is precipitated over the existing shell. It is possible that Mg concentration is lowered in the seawater vacuoles or alternatively an unknown process in the delimited space may sequester it in such a way that low Mg calcite can precipitate.
involves vacuolization of seawater and its modification within the cytoplasm perhaps to reduce the Mg:Ca ratio and to elevate the pH (Figs. 7 and 8) . Diffusion of CO 2 into the basic vacuoles or direct CO 3 2− ion transport across the membrane may be responsible for the carbon pool that has been described above (ter Kuile et al. 1989a ). The photosynthesis of symbiotic algae during daytime helps to elevate the pH in the boundary layer where the vacuoles are formed. However, inside the endoplasm, competition for CO 2 may occur between the symbionts and the alkaline vacuoles needed for calcification. Our EPMA work described earlier (Fig. 6 ) which demonstrated alternations of thin Mg and S rich layers with thick layers of low Mg and S may represent alternations of primary and secondary calcite, in good agreement with this scheme.
Relations between Ca 2+ and CO 3 2− during CaCO 3 precipitation
If indeed seawater is the major component from which the minerals are formed there is a large discrepancy between the concentration of Ca 2+ and CO 3 2− in seawater. Ca 2+ concentration is between 10 and 11 mM while CO 3 2− is only 100−300 µM, a factor of ~50 lower then Ca
2+
. Under these conditions the CO 3 2− , and not Ca 2+ , is the limiting compound for the precipitation of CaCO 3 . This situation is further accentuated because during CaCO 3 precipitation the alkalinity drops at a rate double that of the C T causing a drop in the pH, which further lowers the CO 3 2− . Under these conditions the best strategy for the organism is to raise the pH. This will immediately increase the CO 3 2− concentration even if the C T continues to drop. Furthermore, if the pH is higher than the bulk solution, CO 2(aq) will diffuse into the basic compartment and provide C T for the continued calcification process. This may also be the strategy preferred by corals, as indeed reported by Al Horani et al. (2003) . Using a pH microelectrode they showed that the pH below the chalicoblastic epithelium is around 9. Under these conditions the CO 3 2− concentration is half of the C T (which, if close to that of seawater, will be around 1 mM). In the case of the radial foraminifera the pH increase occurs in the seawater vacuoles as they mature (on the track from the endoplasm to the calcification space). These basic vacuoles (again pH around 9) may serve as a sink for CO 2(aq) either from respiratory (metabolic) origin or from seawater. If the vacuoles are inside the endoplasm they may accumulate very high C T concentrations because the pH in the cytosol is around 7.2 (based on normal marine cells and on preliminary microelectrode measurements on ameboids). These high C T containing vacuoles may compete for CO 2(aq) with the symbiotic algae as indeed observed by ter Kuile et al. (1989a) . Furthermore, the internal carbon pool, which we discovered and described above (ter Erez 1987, 1988; ter Kule et al. 1989) , is most probably these basic seawater vacuoles. The pulse-chase experiments with 14 C (Fig. 4) showed that the internal carbon pool serves only for calcification and that inorganic carbon uptake into the pool occurs during daytime only. As showed above the concentration of C T in the pool of A. lobifera is 190 mM (2 orders of magnitude higher than seawater concentration). However, the volume of the organism must include also the pseudopodial network that may extend and increase the volume of the organism considerably. For example if the thickness of the network is 400 µm then the C T would be roughly 40 mM. C T concentrations of 20−40 mM at pH 8.5 to 9 would provide enough CO 3 2− to match the amount of Ca 2+ in the seawater vacuoles. This requirement is brought forward because our Rayleigh distillation model for distribution coefficients of Ba, Sr and Cd in foraminifera suggests that most of the Ca 2+ in the calcification reservoir is precipitated . We suggest that these independent lines of reasoning support each other. In fact, in the old models for foraminifera (ter Kuile et al. 1989b) Ca 2+ is pumped into the cells from seawater. If, however, modified seawater is the solution from which CaCO 3 precipitates, there is no need to concentrate Ca 2+ from a strict stoichiometry point of view. However, in the case of foraminifera the presence of Mg may impose another role for Ca 2+ concentration (see below).
Global CO 2 considerations
As discussed in the introduction, the contribution of foraminifera to the global carbon budget is significant. The possible negative feedback of CO 2 increase on the calcification of these organisms has already been pointed out (Barker et al. 2003) . Changes in the CO 2 concentration between glacials and interglacials were used to calculate the carbonate ion concentrations and a response in shell weights where demonstrated (Barker and Elderfield 2002) . In their Figure 1 , Barker and Elderfield (2002) show an increase of 50% in the size-normalized weight of planktonic foraminifera when the CO 3 2− ion increases from 200 to 260 µM. Given all the complications involved in the biomineralization process it is surprising that foraminifera would respond to such a small change in CO 3 2− . Similar results were obtained in our experiments with benthic foraminifera (ter Kuile et al. 1989b) . These data are shown in Figure 9 for both A. lobifera and A. hemprichii. A strong reduction in the calcification rate can be observed in A. lobifera as the pH is lowered from 9 to 7 (Fig. 9a) . This trend is not linear; it stops above pH 9 and reverses at 9.5. When these data plotted against the CO 3 2− ion concentration it shows an increase of ~200% in the calcification over the range of CO 3 2− of 100 to 400 µM, quite similar to the response of the planktonic foraminifera (Barker and Elderfield 2002) . It should be noted that the imperforate A. hemprichii shows an exponential increase in the rate of calcification over the range from 7.5 to 9.5 (Fig. 9b) . In view of the discussion at the beginning of this section it is not surprising that foraminifera respond to the CO 3 2− concentration in their ambient seawater. If indeed seawater vacuolization is the starting point, then its carbonate chemistry sets the boundary conditions for the modifications that need to be made by the organism. Obviously more saturated seawater (with higher pH) would require less effort to elevate the pH, and hence calcification rates will increase. As a response to atmospheric CO 2 increase, it can be expected that planktonic foraminifera (as well as shallow benthic ones) will reduce their calcification rate, and that would help to reduce CO 2 in the atmosphere.
Concentration mechanism of ions inside seawater vacuoles and what prevents the precipitation of CaCO 3
If foraminifera utilize alkaline seawater vacuoles as their main calcification mechanism, a problem may rise as they increase the pH inside the vacuole. This is because very quickly the solution may become supersaturated and hence CaCO 3 will precipitate spontaneously. Our experience with Gulf of Eilat seawater (S = 40.7‰; C T = 2060 µmol kg −1 and Total Alkalinity (A T ) = 2490 µEq kg −1 ) showed that if the A T is increased simply by adding NaOH, to roughly 3000 µEq kg −1 , CaCO 3 (most probably aragonite) is precipitated spontaneously (when the solution was equilibrating with the atmosphere). Under these conditions the pH is 8.7 and CO 3 2− is 650 µmol kg −1 and Ω for aragonite is 9.6. When the pH is increased to 9, the A T is 3440 µEq kg −1 , and Ω for aragonite is 14.7. Clearly we can expect spontaneous precipitation of aragonite inside the vacuoles. This does not occur, as we have never observed inorganic precipitation inside the seawater vacuoles. A simple explanation is that as A T and pH increase in the vacuoles, their C T also increases rapidly. When C T has increased to 2600 µmole kg −1 , the pH drops to 8.5, and Ω for aragonite is roughly 9. The process can continue if the organism keeps increasing the alkalinity and the C T at a 1:1 ratio, and the pH will not change significantly. In addition to these considerations it is possible that the organism can prevent precipitation of CaCO 3 by providing organic or inorganic (such as PO 4 3− ) inhibitors into the vacuoles. One important role of Mg may be to slow the kinetics of CaCO 3 precipitation inside the seawater vacuoles when Ω is high. Relatively high supersaturations may thus be achieved inside the vacuoles because Mg is not complexed or neutralized. Once the high pH vacuole is opening into the site of biomineralization Mg may be complexed in such a way that low Mg calcite will precipitate. Finally, it is worthwhile to consider the cost of elevating pH as a strategy for calcifying organisms (Zeebe and Sanyal 2002) . Obviously the best strategy is to elevate the concentration of CO 3 2− . An increase of pH from 8 to 9 for normal seawater with C T of 2mM, would increase the CO 3 2− concentration from 100 µM to 1000 µM. At the same time this would also reduce the H + concentration by a factor of 10. If the Na + /H + exchanger achieves this change, it would cause an insignificant change in the Na + concentration of the cell.
THE ROLE OF Mg IN FORAMINIFERA
In foraminifera one additional factor that we should consider is the need to concentrate Ca 2+ or alternatively remove Mg 2+ from the seawater vacuoles in order to precipitate low Mg calcite. This is particularly true for the planktonic species, which have very low concentrations of Mg in their shells. It is difficult to conceive the nature of such a C uptake. In the pH range of 7 to 9 A. lobifera shows strong increase of calcification (skeleton uptake). In A. hemprichii the increase of calcification with pH is exponential. mechanism because Mg concentrations in seawater are 5 times higher then Ca. Hence this subject requires careful further investigation, particularly since Mg content in foraminifera shells is used now as a paleotemperature proxy (e.g., Lear et al. 2002) . It should also be remembered that the primary calcite is rich in Mg (up to 20 mole %), while the secondary calcite is much lower in Mg. Different proportions of primary and secondary calcite may bias the paleotemperature estimates based on Mg content. Or alternatively the proportions between these to types of calcite is determined by temperature.
There are at least two possibilities to explain the exclusion of Mg from the shells. One is the removal of Mg from the seawater vacuoles by an active process (a pump). The other is discrimination against Mg during the formation of the mineral phase over and above the normal distribution coefficient. Raz et al. (2000) did note that Ca was enriched in the cores of spherulites composed of amorphous calcium carbonate, leaving the periphery with more Mg relative to Ca. There may be other as yet undiscovered processes, possibly involving the components of the organic matrix, that discriminate against Mg and in favor of Ca.
Another observation may shed light on the removal of Mg at the site of calcification. In inorganic and biogenic carbonates (including foraminifera) when Mg is higher, Sr is also higher (Carpenter and Lohmann 1992) . This suggests that Mg may be included in the Rayleigh distillation model mentioned above for fractionation of divalent elements from a semi-closed reservoir. However, in order to extend the model to Mg we need to lower its activity in the solution by a factor of 10 for benthic foraminifera and 50 for planktonic ones. It is highly unlikely that an electrogenic pump will achieve this. A more probable solution is the involvement of some organic molecules that complex the Mg and do not let it poison the growth of low Mg calcite.
One difference between corals and foraminifera is that the corals precipitate aragonite, while foraminifera precipitate calcite. To precipitate aragonite from supersaturated seawater there is no need to remove Mg because aragonite is the kinetically preferred mineral. Corals precipitate their CaCO 3 without influence of pseudopods in the space formed between the chalicoblastic ectoderm and the skeleton. In the foraminifera, precipitation occurs under strong influence of pseudopodial network (i.e., bilipid membranes). Is it possible that these membranes or some of their components bind in some other way the Mg in the environment of crystal formation? This may neutralize the inhibition effects of Mg on kinetics of calcite formation. Such a mechanism may also explain why the foraminifera precipitate low Mg calcite (which is also more supersaturated!). Is it possible that this is the role of vesicles that are rich in fibrillar material (Angell 1967 ) from the electron dense bodies?
Finally it may be asked why most of the radial foraminifera (except of one family, the aragonitic Robertinacea) precipitate calcite. One possibility is that they evolved in periods where Mg:Ca ratio in the ocean was much lower than today. Such variations in ocean chemistry have indeed been reported (e.g., Hardie 1996 , Stanley et al. 1999 suggesting that during the Phanerozoic there have been large variations in this ratio ranging from 1:1 (e.g., most of the Cretaceous and the Paleogene) to 5:1 as observed in the oceans today. These variations stem from changes in rates of sea floor spreading which, when high, also enhance hydrothermal circulation at the ocean ridges. During this process Mg is exchanged for Ca and this ratio decreases. It has been suggested that when Mg:Ca is high, the oceans are dominated by aragonite producers, while calcite producers are abundant during periods that have low Mg:Ca ratio. It is possible that when the modern radial foraminifera evolved (later Cretaceous and the Paleogene), the Mg:Ca was around 1:1, and the preferred CaCO 3 mineral was calcite. Calcite is advantageous because of its lower solubility product relative to aragonite. It can be speculated that when the Mg:Ca ratio started to increase, the foraminifera adapted by retaining the mineral calcite and found some ways to remove Mg from the site of biomineralization.
The carbon pathway and stable isotopes
As discussed above it is conceivable that bicarbonate ion enters the cell by an active transport mechanism (e.g., HCO 3 − /Cl − exchanger). Otherwise CO 2(aq) will diffuse out of the cell according to the pH gradient (7.2 in the cell and 8.2 in seawater) and this will diminish the C T in the cytosol. The δ 13 C of seawater HCO 3 − is roughly +1 ‰. When combined with protons inside the cell and in the absence of the enzyme carbonic anhydrase, the CO 2(aq) that is formed may not fully fractionate with respect to the HCO 3 − ; hence this CO 2(aq) is probably enriched in 13 C. In the cell the symbionts fix CO 2(aq) with some small fractionation resulting in δ 13 C of roughly -12‰ , based upon several measurements that we have carried out on the cytoplasm of A. lobifera and A. Hemprichii. Similarly the δ 13 C of symbionts in corals (e.g., Land et al. 1977 ) is also high, ranging from -11 to -15‰, a relatively suggesting low fractionation compared to normal marine phytoplankton with δ 13 C ranging between -17 and -35‰. This 13 C enriched composition may in part be caused by their CO 2(aq) , which is enriched in 13 C as described above. Still, if the algae fractionate relative to the C T in the cytosol, its δ 13 C will increase. In the calcification zone however there are no symbionts. Seawater vacuoles are basic (pH = 9), and CO 2 may be attracted into these vacuoles either from the more acidic cytosol (although it is very thin) or from the activity of the mitochondria (respiration) that are highly abundant in the calcification region. Another source of carbon for the calcification is the original C T of the seawater in the vacuoles. Using microsensors, Kohler-Rink and Kuhl (2001) showed that respiration rates in these foraminifera is enhanced during the light period. Similar light-enhanced respiration was also reported for hermatypic corals (Al Horani et al. 2002) . This light-enhanced respiration must be fueled by photosynthesis of the symbionts, and it will provide isotopically light carbon to the calcification zone. This scheme may explain the observations and interpretation of Erez (1978) , showing decrease in δ 13 C of coral and foraminifera skeletons with increased photosynthesis.
The active transport mechanism of C T from seawater into the cell may not be an exchanger but a co-transporter bringing in protons (which lower the pH) together with HCO 3 − . It may also be mediated by a Na + /H + exchanger. Bringing in HCO 3 − together with protons is advantageous because it will help to increase the C T , but not alkalinity. If the C T concentration in the cytosol is 10−20 mM (as in normal cells) this internal C T at pH of 7.2 serves for symbiont photosynthesis as well as sources of carbon into the basic vacuoles involved in calcification (Fig. 8) . The symbionts may be separated spatially from the vacuoles (which may be concentrated at the calcifying regions).
SUMMARY AND CONCLUDING REMARKS
Foraminifera skeletons provide the most important source of paleoceanographic information and are a major part of the global oceanic carbon cycle. In addition to the traditional stable isotopes and trace elements, new proxies for paleoceanographic reconstructions are being introduced. Among them are various anions and stable isotopes of metals (Ca, Mg and possibly others). Despite the extensive use of foraminiferal proxies in paleoceanography, it is now widely recognized that in order to extract more reliable information, a better understanding of the biomineralization process of these organisms is needed.
The process of biomineralization in foraminifera is based on seawater vacuolization, which provides the basic component from which calcification starts. Calcification starts with a strong biological control over the site, shape and form of the shell. This is manifested by the formation of organic matrix serving both for nucleation of the first crystals and providing the overall shape of the newly formed chambers. The first crystals that precipitate over the organic matrix or within its complex three-dimensional web are quite different from the rest of the skeleton. These crystals have different shapes, chemical compositions and possibly also different isotopic compositions.
The bulk of the calcification process continues with secondary lamination involving layers of epitaxial crystal growth with tight biological control. The secondary calcification occurs in a delimited space created by the pseudopodia, and seawater vacuoles are the major source of the ions for the biomineralization process (Fig. 9) . This is perhaps the main reason why foraminifera are so reliable in providing paleoceanographic reconstructions of seawater compositions. The seawater vacuoles are modified by the organism mainly by increase in the pH and thus also increase in the dissolved inorganic carbon. Precipitation of low Mg, calcite within the delimited space must overcome the kinetic barrier imposed by Mg but the mechanism for this process is unknown at this stage. The existence of a Ca reservoir must be evoked to explain the dynamics of Ca tracers during calcification. The nature of this reservoir, however, is not clear, and may involve a solid, perhaps amorphous, phase.
Vital effects in stable isotopes and in trace elements may be caused by several processes and their combinations (e.g., Weiner and Dove 2003) . Modification of the seawater by the organism prior to the precipitation process is probably more important for trace elements such as Mg, which may be actively removed from the modified seawater vacuoles in foraminifera as suggested by Erez et al. (1994 Erez et al. ( , 2001 . It is also important for the effect of the carbonate ion on δ 18 O and to some degree on δ 13 C (Spero et al.1997; Zeebe et al. 1999) . The increase in the CO 3 2− concentration near the calcification site is controlled by the organism (in foraminifera through the basic seawater vacuoles and in corals probably by Ca 2+ -ATPase). This will cause a thermodynamic decrease in δ 18 O as explained by Zeebe (1999) in foraminifera and by Adkins et al. (2003) for corals. The decrease in δ 13 C was not explained thermodynamically and may be connected to kinetic effects (see paragraph on "Baertschi Effect" below).
Precipitation from a semi-closed reservoir will tend to bring the distribution coefficients of trace elements towards unity (or no fractionation). Good examples are trace elements in corals and foraminifera such as Sr, Ba, Cd, U and possibly others. In the case of carbon isotopes this will cause no fractionation, which may be observed in the organic matter of the symbiotic algae of corals and foraminifera as their photosynthesis is initiated from a rather closed reservoir. The result is usually enrichment in 13 C relative to what is expected from Rubisco.
Some of the so-called vital effects reflect our lack of knowledge of the exact environmental conditions where organisms precipitate their shells. For example some deep benthic foraminifera precipitate their skeletons in interstitial water within the sediments where they may encounter water with very different δ 13 C than in the overlying water (e.g., McCorkle et al. 1997; Tachikawa and Elderfield 2002) . The chemical conditions in these habitats are also quite different (e.g., pH, CO 3 2− concentrations which may affect both δ 11 B and δ 18 O). Another classical example is the oxygen and carbon isotopes in shells of planktonic foraminifera (with or without symbionts). It has been shown quite convincingly that shells of these organisms represent the integral of their ontogenetic migration through the water column (e.g., Erez and Honjo 1981; Hemleben et al. 1989; Erez et al. 1991) . Hence it is difficult to assign a specific depth to their growth. Deviations from "equilibrium" are possible if a wrong depth is assigned for their formation. In addition dissolution may modify this picture with a bias towards the thicker, isotopically heavier shells. Another well-described example is the seasonal growth of foraminifera (e.g., Anand et al. 2003) . The life span of most foraminifera is probably shorter then a year, and for many it is in the range of only one to several weeks (Lee and Anderson 1991; Hemleben et al. 1989) . They may, therefore, record the temperature of the period in which they calcified. If there is a temperature (or salinity and δ 18 O of water) change between seasons, it will be difficult to reconstruct the exact conditions which different species record. This may explain some of the interspecies differences both in δ 18 O and δ 13 C. Under this category we may also include the microenvironmental conditions created by the organism itself. These have been well demonstrated using microelectrodes and are present both in symbiont and non-symbiont bearing organisms (with rather complex and unexpected differences). Net respiration will decrease the pH and increase the C T from metabolic sources. On the other hand, separation of calcification between night and day may bias this picture. Finally, the recent observations of Bentov and Erez in foraminifera (2001) and Al Horani et al. (2003) in corals show that the organism may modify the site of crystal formation by increasing the pH and perhaps by concentrating Ca 2+ using Ca 2+ -ATPase (Allemand et al. 1998; AlHorani et al. 2003) .
Some kinetic effects may also be apparent as suggested by McConnaughey (1989) , especially in corals where, as mentioned above, some of the crystals may be formed almost inorganically. Fast precipitation will have similar effects as a closed reservoir with respect to trace elements, i.e., it will cause the distribution coefficients to shift towards unity. For stable isotopes, on the other hand, kinetic effects can either eliminate expected fractionation or bias the composition towards the lighter isotopes. For example, there is a −8 to −9‰ fractionation between CO 2(aq) and HCO 3 − , elimination of which would produce isotopically heavy CO 2(aq) . On the other hand, fast diffusion of CO 2(aq) into an alkaline solution may cause kinetic fractionations of up to −15‰ (termed as a "Baertschi Effect" by Erez 1991, 1992) . Since the calcification compartment in corals and foraminifera is alkaline (around pH 9), if CO 2(aq) were to diffuse into this compartment, it may cause such a kinetic fractionation. Finally it difficult to ignore the real vital effects that stem from the different types of crystals precipitated by the organisms. In the case of corals and foraminifera it is clear that these different types of crystals have different chemistries, and hence if their proportions within the organisms change, they may deviate from expected behavior. Another clear example of a vital effect is seen in the oxygen and carbon isotope signatures of young specimens of planktonic foraminifera. Here, for reasons that are not yet clear, it has been shown that the thin, lightly-calcified skeleton of G. sacculifer and possibly other species (Berger et al. 1978; Erez and Luz 1983) may be out of equilibrium, and the general explanation of higher metabolism for their fractionation is not satisfactory.
The new era of high-resolution multicollector ICP-MS, when coupled with laser ablation techniques, opens new frontiers for the study of foraminifera as the ideal fossils for paleoceanographic reconstructions. The new advances in laser confocal microscopy and in electron microscopy with its micro-analytical capabilities will enhance our future understanding in biomineralization process of these unique organisms. This is just the beginning…
